Well-aligned ZnO nanorods with identical crystallographic orientation have been synthesized using a vapor transport deposition process. Orientation-ordered nanorods grow normal to the c planes of the as-deposited micrometer-sized ZnO rods on a polycrystalline Al 2 O 3 substrate, and each nanorod is along [0001] and enclosed by {21 h1 h0} facet surfaces. The nanorods remain in an identical crystal orientation with a homoepitaxial orientation relationship with the microrod. During the synthesis, reduced Sn from SnO 2 powder added to the source materials functions as a catalyst, guiding the orientation-aligned growth of ZnO nanorods. By controlling the growth time at high temperature, uniform lengths of aligned nanorods have been received. This work demonstrates that metallic Sn could be a good candidate for catalyzing the growth of 1D nanostructures.
Zinc oxide, a wide band gap (3.37 eV) semiconducting, piezoelectric, and photoconducting material, has a wide range of applications in solar cells, 1 sensors, 2-4 optoelectronic devices, and surface acoustic waveguides. 5 Recently, 1D nanostructures of ZnO, including nanowires, 6 nanobelts, 7 and nanotubes, 8 have been attracting vast interest in the field of nanotechnology. Hierarchy and aligned ZnO nanostructures are finding potential applications in lasers, 6 sensors, 9, 10 lightemitting diodes, 11 nanoresonators and cantilevers, 12, 13 and field-emission devices. [14] [15] [16] In syntheses of aligned 1D ZnO nanostructures, catalysts such as Au, 6, 17 Co, 15 and NiO 18 have been introduced into the synthesis process to guide the oriented growth of ZnO nanowires, and aligned growth without catalysis has also been achieved using low-temperature CVD (chemical vapor deposition) 19 and ultrahigh vacuum deposition techniques such as MOCVD (metal-organic chemical vapor deposition) 11, 14 and MOVPE (metal-organic vapor-phase epitaxy). 20 In this letter, we report a novel method of synthesizing orientation-aligned ZnO nanorods and nanobelts using metallic Sn as a catalyst. The ZnO nanorods have an identical crystallographic orientation, and their lengths have been controlled via the deposition time.
A chemical vapor transport process 6, 17, [21] [22] [23] was used for the syntheses of aligned ZnO nanorods and nanobelts. The experimental apparatus includes a horizontal tube furnace, a rotary pump system, and a gas supply system. A mixture of commercial ZnO, SnO 2 , and graphite powders in a certain ratio (2:1:1 Zn/Sn/C) was placed in an alumina boat as the source material and positioned at the center of the alumina tube. To investigate the duration time dependence on the growth of desired nanostructures, we conducted the deposition process at 1150°C for 5, 15, 30, and 60 min under a constant pressure of 200 mbar and an Ar flow rate of 20 sccm (standard cubic centimeters per minute). The entire length of the tube furnace is 50 cm. The desired nanostructures were deposited onto an alumina substrate located 21 cm away from the center of the furnace in a temperature range of 550-600°C. Morphological, chemical, and crystallographic characterizations of the as-prepared samples were carried out using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and electron dispersive X-ray spectroscopy (EDS). Figure 1 is a group of typical SEM images of the as-synthesized nanostructures on an alumina substrate after 5 min of deposition at 1150°C, showing the initial growth characteristics of the desired nanostructure. Micrometer-sized ZnO rods (microrods) of irregular side surfaces but uniform flat (0001) surfaces of ∼3 µm are formed on the alumina substrate, which sometime show faceted side surfaces ( Figure  1b) . On each microrod, there are a number of nanorods oriented perpendicular to the (0001) plane, as were clearly depicted in Figure 1c Upon extending the growth time at 1150°C to 15 min, it is shown in Figure 2 that the oriented ZnO nanorods get longer and some nanobelts grow out of the side surfaces of the microrods. A higher-magnification picture clearly describes the perpendicular directional growth of the nanobelts (as indicated in the inset of Figure 2 ), where the nanorods have dimensions of 30-50 nm in diameter and 100-200 nm in length and nanobelts have dimensions of 10-30 nm in width and 300-500 nm in length.
The data suggest that the diameters of the nanorods are well confined by the size of the metallic Sn ball on the tip and that the growth time has a little influence on the diameter of the nanorods. Parts a and b of Figure 3 give a good description of the oriented growth of the nanorods on the c plane of the ZnO microrods. A closer examination of the root of each nanorod in Figure 3c and d shows that each nanorod tends to grow along the same crystallographic orientation as the microrod with six parallel faceted surfaces of {21 h1 h0}, which indicates an orientation alignment of the ZnO nanorods and a coherent epitaxial relationship with the base ZnO microrod.
Transmission electron microscopy imaging of a ZnO nanorod is presented in Figure 4 . An Sn ball with a faceted surface 24 is located at the growth front (Figure 4a) . A highresolution TEM image presented in Figure 4b shows that the ZnO nanorod grows along [0001] and that its volume is free from dislocation. The interface between the Sn particle and the ZnO nanorod is atomically sharp and there may be a coherent relationship between the atomic lattices at the interface (Figure 4c ), but the Sn is not well crystallized. From the image contrast across the nanorod presented in the low- magnification image (Figure 4a ) and in the high-magnification TEM image in Figure 4b , a uniform contrast region at the middle of the nanorod (see the region indicated by arrows in Figure 4b and the enlarged image in Figure 4e ) indicates its constant projected thickness, and the side edges are very thin (Figure 4d ). On the basis of the image information, the six side surfaces of the nanorods are defined to be {21 h1 h0}, and the electron beam direction is [21 h1 h0] . A schematic model of the nanorod cross section is inserted into Figure 4a .
With increasing growth time, the oriented nanorods and nanobelts grew longer and longer. Figure 5 shows a typical morphology of the as-synthesized nanostructructures upon 60 min at 1150°C. Figure 5a shows the as-deposited nanostructures composed of the orientation-aligned ZnO nanorods and nanobelts out of the top and side surfaces of the microrods (Figure 5b and c) . The ZnO nanorods grow out of the c plane with a uniform length of 0.5-1.0 µm, and the diameter remains around 30-60 nm. Compared to those grown for a shorter time and separated by 100 nm-1 µm, these oriented nanorods grew densely with a separation of 50-150 nm, suggesting an increase in the number of nucleation sites during the growth. A slight increase in the diameter at the upper part of the nanorod is likely due to an increase in the size of the Sn catalyst particle during the growth. High-magnification images (Figure 5b and d) show that the microrods are rougher than those grown for 5 min. Along the perpendicular directions to the oriented nanorods, the number of side-branched nanobelts of a uniform length of 1 µm also dramatically increases. It is interesting that the metallic Sn head on the top of the nanorod is about onethird larger in diameter than the nanorod diameter and that the size of the Sn head on a nanobelt is about 2 to 3 times larger than the width of the nanobelt.
To study the effect of graphite as a vapor-generation agent for the growth of the desired nanostructures, an experimental session was conducted by adjusting the molar ratio of corresponding Zn/Sn/C from 2:1:1 to 2:1:2 while keeping the other parameters the same as for the experiments presented above and limiting the growth time to 1 h. Surprisingly, well-aligned nanowire-nanobelt junction arrays 21 formed perpendicularly oriented on the alumina substrate. Figure 6 is a top view of the as-grown junction arrays over a large area, where the 6-fold-symmetric feature of each junction array is clearly seen. The inset is a typical magnified micrograph of a single junction array. Similar to the structure reported previously, 21 the junction array consists of a central nanowire 100-200 nm in diameter and is surrounded by 6-fold-symmetric nanobelts 50-100 nm in width that grow along the six crystallographic equivalent directions of 〈011 h0〉.
Graphite is introduced into the raw material to increase the creation rate of Zn and Sn vapors. Carbon can reduce ZnO and SnO 2 in Zn and Sn vapors at relatively low temperature. It is expected that doubling the content of graphite in the raw material will increase the concentration of Sn liquid droplets, giving rise to many more nucleation sites 25 and leading to the growth of high-density nanorods and nanobelts. According to previous studies on junction arrays, 21 it is known that the side-branched nanobelts would like to grow along six crystallographically equivalent orientations 〈011 h0〉, giving 6-fold-symmetric nanowire-nanobelt junction arrays presented in Figure 6 .
To optimize the desired morphology of the oriented ZnO nanorods, we tested some more parameters. Figure 7 shows a typical morphology of the as-prepared nanorods and nanobelts after 30 min of growth at 1100°C, where we used only two-thirds the amount of SnO 2 used in the other experiments and kept the pressure and argon flow rate the same. In Figure 7a , it is clearly shown that, in addition to the oriented ZnO nanorods, there are also some ZnO belt networks normal to and between the oriented nanorods, as indicated by arrows. These networks are parallel to the nanobelts directly growing from the side surfaces of the microrod base because of the homoepitaxial orientation relationship. 26 Figure 7b is a magnified view of the vertical crystallographic orientation-aligned ZnO nanorods on a ZnO microrod, displaying a uniform diameter of ∼25 nm and a height of ∼250 nm.
There are two processes for the growth of ZnO nanorods. One is the oxidation of the reduced and vaporized Zn following the vapor-liquid-solid (VLS) growth process, 6, 21, 27 and the other is the direct deposition of the ZnO vapor (the so-called vapor-solid (VS) process) 7 . On the basis of our experimental data presented here and published previously, 28, 29 reductions of ZnO and SnO 2 in Zn and Sn vapors, respectively, are possible in the high-temperature zone. The carrier gas transfers the reduced and vaporized Zn and Sn to the lower-temperature region. The oxidation of Zn vapor and its subsequent deposition onto the substrate form single-crystal ZnO microrods with flat (0001) surfaces. Simultaneously, Sn vapor would be transformed to liquid droplets falling down onto the surface of the ZnO microrods. Then, on these flat planes, dispersed metallic Sn droplets function as catalysts to guide the oriented growth of ZnO, which in fact is a homoepitaxial process with the bulk ZnO microrods. 26 The oriented nanorods remain in an identical orientation with the microrods, resulting in the crystal- lographic orientation-aligned growth of the nanorods on the (0001) surface. However, the liquid tin droplets in contact with the side surface of the ZnO microrods guide the growth of ZnO nanobelts along 〈011 h0〉 perpendicular to the ZnO nanorods. A continuous deposition of Sn vapor at the growth front results in a continuous increase in the size of the Sn particle, leading to a continuous increase in the size of the nanorods/nanobelts as growth proceeds.
Our data suggest that the VLS process is dominant and the VS process is supplementary. As presented in Figure 1d , the microrods as the growth platforms are quite rough at the very beginning between the oriented nanorods and even form deep notches as if they were etched off at longer growth times. Then it is expected that, as the growth time increases, the source materials are consumed, the supply of vapors is short, and the vapor pressure may fall below the supersaturation threshold required for VLS growth. The growth can be continued only by vaporizing the microrods below the nanorods, resulting in the deep notches on microrod surfaces.
In summary, by using a simple vapor-transport deposition method, well-aligned ZnO nanorods with six identical facets of {21 h1 h0} and orientation ordering have been successfully synthesized. Reduced Sn from SnO 2 acts as a catalyst that guides the aligned growth of ZnO nanorods. By controlling the growth time at high temperature, nanorods of uniform lengths have been produced. By increasing the content of graphite as the vapor-generating agent, well-aligned nanowire-nanobelt junction arrays have also been received. This study demonstrates that Sn can be an effective catalyst that can be used to grow crystallographic orientation-aligned nanorods.
